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Recent genome-scale analyses have uncovered the magnitude of the changes in mRNA populations
that occur during the maternal-to-zygotic transition in early Drosophila embryos as well as two of the
key regulators of this process, SMAUG and bicoid stability factor (BSF).The father’s genes are largely irrelevant
for early animal development. Instead,
during a period that can range from
a few hours (e.g., in Drosophila) to
a couple of days (e.g., in humans) after
fertilization, maternal gene products
control development. These RNAs
and proteins are loaded into the egg
during oogenesis. Two processes
subsequently drive the maternal-to-
zygotic transition (MZT) during which
developmental control is transferred
to the zygotic genome: first, a subset
of the maternal mRNAs is degraded;
second, the zygotic genome is tran-
scriptionally activated.
In Drosophila, the first developmen-
tal event that requires the function of
the zygotic genome is the process
of blastoderm cellularization (Merrill
et al., 1988; Poulson, 1937; Wieschaus
and Sweeton, 1988), which occurs
between 2.5 and 3.0 hr after fertiliza-
tion. This developmental event, there-
fore, represents completion of the
MZT and is known as the midblastula
transition (MBT).
Recent genome-scale studies have
shed new light on the magnitude,
timing, and regulation of the MZT
in Drosophila. The magnitude of the
mother’s contribution to early devel-
opment is surprisingly large: tran-
scripts representing at least 50% of
the entire protein-coding capacity of
the genome—between 6,500 and
7,700 distinct mRNAs—are loaded
into the egg and are present in the
early embryo (De Renzis et al., 2007;
Tadros et al., 2007). These are not
just ‘‘housekeeping’’ mRNAs; many
encode instructive proteins that
regulate the cell cycle, signaling, andtranscription of the zygotic genome
itself.
A significant fraction of these mater-
nal mRNAs is eliminated during the
MZT. Quantifying this fraction can be
difficult. An unstable maternal mRNA
can appear stable if its loss is com-
pensated for by zygotic transcription
(Figure 1A, compare the left and right
panels). One solution to this problem
is to use activated but unfertilized
eggs. These are transcriptionally silent;
thus, a transcript either remains un-
changed (i.e., is stable) or decreases
in amount (i.e., is unstable). Such anal-
yses led to the conclusion that over
20% of the maternal mRNAs, repre-
senting about 1,600 distinct species,
are degraded (Tadros et al., 2007).
This is an underestimate because
a second and more efficient degrada-
tion machinery, which depends on
zygotic transcription, is present in
embryos (Figure 1C) but not in unfertil-
ized eggs (Bashirullah et al., 1999).
Recently, De Renzis et al. (2007)
cleverly teased apart the maternal ver-
sus zygotic contributions to each
mRNA present at the MBT by using
compound chromosomes to produce
embryos lacking either a defined chro-
mosome arm or even an entire chro-
mosome. This method had been used
previously to define the MBT (Merrill
et al., 1988; Wieschaus and Sweeton,
1988). De Renzis et al. then measured
the mRNA ratio between wild-type
and chromosomally deficient embryos
at the MBT. As expected, this ratio
dropped significantly below 1.0 for a
large fraction of transcripts since the
vast majority of these mapped to the
absent chromosome. For any individ-Developmental Ceual gene, the extent of this drop was
used to infer its zygotic contribution at
the MBT while the residual signal indi-
cated its maternal contribution. This
approach revealed that 18% (1,158)
of the transcripts expressed at the
MBThave a significant zygotic compo-
nent (Figure 1, blue curves).
Not all of the measured effects were
direct. In fact, the levels of 778 tran-
scripts changed upon removal of a
chromosome that did not harbor their
corresponding gene. Twenty-eight per-
cent of these secondary targets
were zygotically derived, implying that
the change in their expression levels
occurs via effects on transcription,
consistent with the fact that the set of
1,158 zygotic transcripts is highly en-
riched for gene ontology terms associ-
ated with transcriptional activity.
Most of the remaining 72% of sec-
ondary targets are maternally
supplied. Therefore, changes in their
levels occur via altered stability. These
are precisely themRNAs whose stabil-
ity is expected to be targeted by the
‘‘zygotic’’ degradation pathway al-
luded to earlier (Figure 1C), which is
activated shortly before the MBT
(Bashirullah et al., 1999). Thus, 33%
of maternally deposited mRNAs are
degraded in embryos (De Renzis
et al., 2007) while only 21% are desta-
bilized after activation of unfertilized
eggs (Tadros et al., 2007). Unexpect-
edly, the ‘‘zygotic’’ degradation activ-
ity maps to different chromosomes
for different unstable maternal tran-
scripts, implying that there aremultiple
independent degradation pathways.
Why are two thirds of zygotically ex-
pressed transcripts also loaded intoll 12, June 2007 ª2007 Elsevier Inc. 847
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Different transcript dynamics can give gene expression profiling data that yield the same effective
ratio of steady state mRNA levels between embryos collected 2–3 hr and 0–1 hr after embyogen-
esis commences. (A) A ratio close to 1.0 can either be due to a stable maternal transcript (right) or
an unstable maternal transcript that is replaced through transcription of its zygotic counterpart
(left). (B) A ratio greater than 1.0 suggests the presence of zygotic transcription (right) which
may be superimposed on persistent maternal transcripts (left). (C) A ratio less than 1.0 signifies
an unstable maternal transcript that is either degraded exclusively by the ‘‘zygotic degradation
pathway’’, which initiates 2 hr after fertilization (left), or in combination with the earlier-acting,
‘‘maternal degradation pathway’’, which is triggered upon egg activation (right).the egg maternally (Figure 1A and B,
left panels)? De Renzis and colleagues
present data consistent with the hy-
pothesis that zygotic expression of
an mRNA in a discrete pattern may
confer a spatial component to the dis-
tribution of its encoded protein that
cannot be accomplished by its more848 Developmental Cell 12, June 2007 ª2ubiquitously distributed (or, at least,
less finely localized) maternal mRNA
(De Renzis et al., 2007).
Computational analyses have en-
abled the identification of sequence el-
ements that are enriched in the 30UTRs
of maternal transcripts as well as in the
regulatory regions upstream of zygotic007 Elsevier Inc.genes (De Renzis et al., 2007; Tadros
et al., 2007). The 30UTRs of maternal
mRNAs are enriched for micro-RNA
(miRNA) target sites and stem-loop
structures known as SMAUG re-
sponse elements, while those of un-
stable maternal transcripts are further
enriched for two types of primary-
sequence elements: PUF-domain pro-
tein binding sites and AU-rich ele-
ments (AREs). miRNAs, SMAUG, PUF
proteins, and ARE-binding proteins
are known regulators of RNA stability
and translation.
Zygotically transcribed genes are
enriched for a heptamer (CAGGTAG,
also independently identified by ten
Bosch et al., 2006) in their upstream
regulatory regions (De Renzis et al.,
2007). This is particularly true for
a group of 59 ‘‘early zygotic’’ genes
that are transcribed well before the
major transcriptional burst at the MBT.
What of the trans-acting factors that
regulate the changes in transcript pop-
ulations during theMZT? Two-thirds of
the unstable maternal transcripts—
well over 1,000 distinct mRNA species
genome-wide—are targeted for elimi-
nation by SMAUG, an evolutionarily
conserved, RNA-binding posttran-
scriptional regulator (Tadros et al.,
2007), most likely by recruitment of
the CCR4/POP2/NOT deadenylase
(Semotok et al., 2005). Zygotic tran-
scription, on the other hand, is potenti-
ated by the CAGGTAG heptamer,
which binds a previously identified
protein, bicoid stability factor (BSF).
Interestingly, BSFwas originally identi-
fied as a posttranscriptional regulator
(Mancebo et al., 2001). Transcriptional
potentiation of the early zygotic genes
may serve as a timer that links
spatially graded morphogens, such
as DORSAL or BICOID, to temporal
control of their target genes.
Both components of theMZT—elim-
ination of maternal mRNAs and tran-
scription of a set of zygotic mRNAs—
are conserved in all animals studied
to date, including mammals (Hamatani
et al., 2004). Since two major regula-
tors of the Drosophila MZT, SMAUG
and BSF, are evolutionarily conserved
in both amino acid sequence and mo-
lecular function, it is plausible that the
molecular mechanisms underlying the
MZT are conserved in all animals.
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Vascular plants share a common radial
organization that is established early in
embryogenesis. The water and nutri-
ent transporting vascular cylinder oc-
cupies the most central position. The
vascular cylinder is surrounded by
varying amounts of ground tissue.
(The ground tissue has a variety of
functions depending on the particular
organ type.) The ground tissue, in
turn, is surrounded by an epidermal
layer that protects the plant from des-
iccation and pathogens. In this issue of
Developmental Cell, Nodine et al.
(2007) identify a pair of receptor-like
kinases that are critical in the develop-
ment of radial pattern in the Arabidop-
sis embryo.
During normal Arabidopsis embryo
development, the first manifestation
of a difference along the radial axis is
apparent when the protodermal cells
arise (see Willemsen and Scheres,
2004, for a review of Arabidopsis
embryogenesis). The protoderm is
formedwhen the cells of the early eight
celled embryo divide with spindles
perpendicular to the surface. The re-
sult is a 16 celled embryo consisting
of a layer of eight outer cells, the proto-Mancebo, R., Zhou, X., Shillinglaw,W., Henzel,
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derm, and eight inner cells. Further cell
divisions within the protoderm occur
with the spindles oriented parallel to
the embryo surface generating a con-
tinuous sheet of cells, all derived from
the first eight protodermal cells. The
protoderm gives rise to the epidermis
in the mature plant. After the establish-
ment of the protoderm, the internal
portion of the embryo is further divided
into distinct layers, notably the ground
tissue precursors and the vascular cyl-
inder precursors. Thus, from outside
in, the regions established by the 32
cell stage are protoderm, ground tis-
sue precursors, and vascular cylinder
precursors.
The LRR receptor-like kinases make
up a very large and diverse gene family
inArabidopsiswithmore than two hun-
dred members (Dievart and Clark,
2004). The structure of LRR receptor-
like kinases indicates they play a role
in membrane-based signaling pro-
cesses: they consist of an extracellu-
lar, leucine-rich repeat, a single pass
transmembrane domain, and an intra-
cellular serine/threonine kinase do-
main. With but a few exceptions, the
functions of these kinases are un-
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TOOL2, are critical in establishing
ryos lacking these kinases show
known. Nodine and colleagues have
combined the use of molecular phy-
logenies with the ability to generate
Arabidopsis plants carrying multiple
knock-out mutations to overcome the
problem of understanding function in
a gene family with a high degree of
redundancy (Nodine et al., 2007).
They have found that one pair of LRR
receptor-like kinases, that share a re-
lated kinase domain, play a novel role
in radial pattern formation.
In Arabidopsis embryos mutant for
both the RECEPTOR-LIKE PROTEIN
KINASE1 (RPK1) gene and the
TOADSTOOL2 (TOAD2) gene, the nor-
mal radial pattern of cell types is not
set up. Instead, ‘‘outer’’ cell fates are
replaced by ‘‘inner’’ cell fates. Specif-
ically, markers for protodermal and
ground tissue precursors are ex-
pressed transiently or not at all while
markers for vascular cylinder precur-
sors are expanded. Along with this,
aberrant cell division patterns are ob-
served, especially in the outer cells of
the embryo. The rpk1 toad2 mutant
embryos do not survive and typically
arrest at the late globular stage with
a characteristic mushroom-like shape.
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